ABSTRACT: Diel and spatial variability in the concentration of virus-like particles (VLP) was determined in a transect from the coast to offshore in the western Mediterranean (? stations and 6 depths per station). VLP abundance in coastal waters was on average 1.6 X 107 VLP ml-l, in offshore stations this value was 1.2 X 107 VLP ml-l. At the coastal station there was no varaibility in VLP abundance, bacterial abundance or chlorophyll a concentration through the water column, while offshore VLP decreased with depth. No clear diel pattern was found in 3 representative stations where diel cycles were studied. Viral impact on the bacterial assemblage was estimated at 2 depths (surface and deep chlorophyll a maximum) of the latter 3 stations using 2 approaches: the percentage of visibly infected bacteria and viral decay rates in cyanide amended cultures. Visibly infected bacteria could not be detected in any sample after counting 300 cells per sample, implying that the percentage of visibly infected bacteria was lower than 0.3 % . Using the maximal conversion factor to convert this value to bacterial mortality we found that viruses could be responsible at most for 21.5 % of the whole bacterial mortality. We calculated a hypothetical viral decay rate if the maximal possible impact of viruses (21.5 %) were true. This value corresponded to 0.02 h-'. However, using the cyanide method to measure viral decay rate, no significant decrease could be detected in a total of 8 viral decay experiments. In conclusion, the percent of total bacterial mortality due to viral lysis in the oligotrophic northwestern Mediterranean was low, certainly much lower than 20%.
INTRODUCTION
Open oligotrophic waters constitute the largest portion of the world ocean. Virus-like particles (VLP) were found to be surprisingly abundant in such waters when single samples from different environments were examined for viral concentration (Bergh et al. 1989 , Proctor & Fuhrman 1990 , Hara et al. 1991 , Noble & Fuhrman 1998 . Some additional open water samples have been examined for VLP abundance in the context of the development of methods (Steward et al. 199213, Hara et al. 1996 , Weinbauer & Suttle 1997 . However, few studies (Boehme et al. 1993 , Cochlan et al. 1993 have determined the distribution of VLP in open waters.
'Addressee for correspondence. E-mail: cpedros@icm.csic.es Viruses have been shown to account for a high percentage of bacterial mortality in some marine environments (Proctor & Fuhrman 1990 , Weinbauer & Peduzzi 1995 , even similar to that due to heterotrophc nanoflagellates when both sources of bacterial losses have been measured simultaneously (Fuhrman & Noble 1995 , Steward et al. 1996 . Viral lysis of bacterioplankton does not just cause the removal of bacterial cells. It has been reported that mortality of microbes due to viral infection may have consequences for nutrient and energy cycling (Middelboe et al. 1996) , for the control of species diversity (Thingstad et al. 1997) , and for the exchange of genetic materials among bacteria in marine environments (Chiura 1997) .
Although VLP abundance itself gives little information about viral impact on the host populations, concentration of viruses in seawater is essential informa-tion for the ecological study of an aquatic environment. Thus, VLP abundance has been shown to be closely coupled to the trophic characteristics of the system (Maranger & Bird 1995 , Weinbauer & Suttle 1997 . VLP abundance seems to decrease with increasing distance from the shore, as has been reported in Florida coastal waters (Boehme et al. 1993) , in the California coast (Cochlan et al. 1993) and in the Gulf of Mexico (Weinbauer & Suttle 1997) . However, an opposite trend was found in the estuarine Gulf of Bothnia (Cochlan et al. 1993) . In addition, mortality of bacteria due to viral infection has been shown to be higher in eutrophic than in oligotrophic environments (Weinbauer & Peduzzi 1995) . Therefore, it seems that VLP abundance indirectly reflects viral impact on the host populations. Yet, almost none of this information has been gathered from open-sea environments. Thus, almost nothing is known about the abundance and impact of viruses in one of the most extensive ecosystems on earth.
Common characteristics found in the major oceanic gyres of the Atlantic and Pacific oceans are the presence of a deep chlorophyll a (chl a) maximum (DCM) and permanent oligotrophic conditions (Cullen 1991) . The Mediterranean Sea offers the same characteristics of oligotrophy and presence of a DCM within a short distance from the shore (Estrada et al. 1993 , PedrosAlio et al. 1999 . Thus, the Mediterranean constitutes a model for studying viral distribution and its impact on bacterioplankton in oligotrophic open-sea waters.
The objectives of this work were (1) to determine VLP distribution in a transect from the coast to the open sea in the northwestern Mediterranean, (2) to study the relationships between VLP abundance and other components of the microbial food web, (3) to investigate possible changes in VLP abundance along diel cycles in representative stations of this transect and (4) to estimate the impact of viruses on the bacterial assemblage.
MATERIALS AND METHODS
Samples were collected along a transect in the northwestern Mediterranean Sea between June 6 and June 24 (1995) on board B10 'HespCrides' (Fig. 1) . Three stations were selected along the transect to study diel cycles and bacterial mortality due to viral infection. These stations represented the 3 main zones: the shelf coastal waters (Stn C), the slope frontal zone (Stn S) and the offshore 'deep' zone (Stn D). The characteristics of the microbial populations at these 3 stations have been described in Pedros-Ali6 et al. (1999) . Die1 cycles of VLP abundance were followed at the 3 stations by taking samples at midnight and noon during a 24 h period. A detailed description of the data on bac- teria, chlorophyll and other parameters during these diel cycles can be found in Gas01 et al. (1998) . Vertical profiles of temperature, salinity and fluorescence were taken with a Mark11 CTD. Water samples were taken with 12 1 Niskin bottles in a rosette.
Chl a was determined fluorometrically in 100 m1 samples that were filtered through GF/F glass fiber filters and frozen. The filters were extracted overnight in 90% acetone at 4"C, and fluorescence of the extract measured with a Turner Designs fluorometer (Yentsch & Menzel 1963) .
Samples for bacterial abundance were fixed with glutaraldehyde (1 % final concentration) in polypropylene bottles. Bacteria were stained with DAPI (1 1-19 ml-' final concentration) and filtered onto black 0.2 pm pore size polycarbonate filters (Porter & Feig 1980) , mounted on microscope slides and frozen. Bacterial abundance was determined with a Nikon epifluorescence microscope at a magnification of 1250x. About 200 to 300 bacteria were counted per sample.
Abundance of VLP was determined by YOPRO (YO-PRO 1, Molecular Probes) stain and epifluorescence microscopy (Hennes & Suttle 1995) . Unfixed 100 p1 samples were immediately diluted with 700 p1 of Milli-Q water filtered through 0.02 pm pore size Anodisc filters. Each diluted sample was gently filtered through a 0.02 pm pore size Anodisc 25 filter. The Anodisc filters with the filtered sample were laid on 80 p1 of the staining solution (YO-PRO 1, 50 pM final concentration) in a Petri dish and incubated in the dark for 2 d at room temperature. The filters were then washed twice by filtering 800 p1 of Milli-Q water through the membrane. Filters were transferred to glass slides and immediately covered with a drop of spectrophotometric-grade glycerol and a cover slip. Filters were stored at -20°C until counted. VLP abundance was determined with an epifluorescence microscope at a magnification of 1250x with blue light excitation and a barrier filter. The counting error of the method was calculated by counting 3 filters from the samples corresponding to surface and DCM waters at the 3 representative stations. The error was calculated as a percentage of the mean.
In order to measure the impact of viruses on the bacterial assemblage in the Mediterranean, we tried 2 different methods: the counting of visibly infected bacteria (Weinbauer et al. 1993 ) and the measurement of viral decay rates in KCN amended cultures (Heldal & Bratbak 1991) . For the counting of visibly infected bacteria, cells and viruses were harvested onto grids (400-mesh Ni electron gicroscope grjds yvith carbon coated formvar film) using a Beckman SW41 swing-out rotor run at 100 000 X g for 30 min at 20°C (Heldal & Bratbak 1991 , Weinbauer et al. 1993 ). For each sample, duplicate grids were stained for 1 rnin with uranyl acetate (2 % w/w). We tried to count infected bacteria by observing the whole cells in a Hitachi 600 transrnission electron microscope (TEM) operated at 80 kV and at a magnification of 20 OOOx according to Weinbauer et al. (1993) . At least 300 cells in each sample were inspected for potential infection.
Incubations for VLP decay experiments were carried out in l 1 Whirl-Pack polyethylene bags, which let 70 % UV radiation through. Parallel bags were covered with alurninum foil for dark incubations. VLP decay was recorded after inhibiting production of new viruses by adding KCN to a final concentration of 2 mM ('dead' cultures, Heldal & Bratbak 1991) . Two experiments were carried out with surface waters and one with water from the DCM in each representative station (Stns C, S, D).
For surface waters, one experiment was performed in the dark and the other in the light. For the DCM only the dark condition was considered. Parallel to the 'dead' cultures we had 'live' cultures, used as controls. Both, dead and live cultures were incubated in a tub on deck with running surface water. Samples for counting VLP were taken at 2 to 3 h intervals for the first 14 h of the experiment. After this time, samples were taken less frequently until the end of the experiments. Samples for 3H-leucine incorporation were taken at the beginning and at the end of each experiment in order to make sure that microbial activity was stopped by KCN.
RESULTS
Depth profiles of chl a, and bacterial and VLP abundances are shown in Fig. 2 . The coastal station (C) showed a uniform abundance in VLP and bacteria throughout the water column. The other stations followed a different pattern, with peaks of chl a, bacterial and VLP abundance at different depths. The peak of chl a (DCM) was usually sharp and could be found between 40 and 70 m depending on the station. The peak of bacteria was less sharp and it was found either slightly above the DCM (T4, T6) or coincident with it (T2, T5, T7). The distribution of viruses was more vanable from one station to another. In some cases (T4, T6, T7) a peak of VLP was coincident with the maximal bacterial abundance. At other stations (T3, T5), the VLP concentrations decreased smoothly with depth from the surface. Finally, no clear pattern was detected, in some profiles (Tl, T2).
Values of VLP abundance ranged between 5 X 106 and 3 X 107 along the transect. Changes in VLP abundance were minimal at the 2 depths sampled below 60 m at all the stations. The VLP/BN ratio ranged from 10 to 80 (Fig. 2) . The depth distribution of VLP/BN was parallel to that of VLP abundance.
Relationships between bacterial and VLP abundance and between chl a and VLP abundance were not significant for the coastal stations (Tl, T2, n = 11, p = 0.4) and the intermediate stations (T3, T4, n = 11, p = 0.2). For the offshore stations (T5, T6, T?), VLP and bacterial abundance showed a significant relationship (n = 18, p < 0.0009, r2 = 0.506). The relationship between chl a and VLP abundance was also significant in the latter stations (n = 18, p < 0.0061, r2 = 0.38).
Integrated values of chl a concentration, and bacterial and VLP abundances from the surface to 70 m (coastal station) or 200 m (slope and open-sea stations) showed a similar pattern (Fig. 3) . Peaks with maximal concentration of these parameters were coincident in Stns T1 and T4.
No clear pattern in diel variability of VLP abundance was found at any of the stations (Fig. 4) . At the coastal and slope stations VLP abundance showed small changes with depth in both diel cycles. At the coastal station, VLP was slightly higher at night than during the day in the first diel cycle (Fig. 4; C l , C2) . At the slope station each diel cycle showed a different pattern ( Fig. 4; S1, S2 ). During the day the peak of maximal VLP abundance at 20 m appeared both times. At night, however, the first diel cycle showed a minimum at 50 m and the second a maximum at 60 m. At the deep station ( Fig. 4; D1, D2 ), no diel cycles were found. However, VLP abundance showed slightly higher values at night in the upper mixed layer. At this station, patterns of VLP abundance with depth were similar in both cycles.
Viral decay experiments carried out at the deep station are presented in Fig. 5 as an example. An analysis of covariance (ANCOVA) was used to test for differences between dead and control cultures in each experiment (surface water and light, surface water and dark, DCM water and dark). Previously the data were log transformed to fulfil1 normality assumptions required by the statistical analysis. We did not find any significant differences (p > 0.05) using the whole data set or the data from the first 20 h alone. At the other stations (C and S), where experiments of viral decay were also carried out, we obtained the same results.
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After conversion of the VLP abun- (Table 1) . Values from some very oligotrophic seas, however, such as the Sargasso Sea and the Barents Sea, showed the lowest VLP abundance values reported: 2 to 3 orders of magnitude lower than values for the Mediterranean. Since such extremely low values have been found only twice, however, their general significance cannot be evaluated. Boehme et al. (1993) also found a lower VLP abundance value in an offshore than in an inshore station in the Gulf of Mexico (Table 1) . However, they concentrated the viruses from the natural sample by vortex flow filtration (30 to 100 kDa pore size) and viral losses have been reported during this process (Paul et al. 1991 , Suttle & Chan 1994 . Altogether, VLP abundance in the western Mediterranean was one of the lowest reported in marine environments.
VLP abundance did not show a marked decrease from coast to open sea. However, we found some differences between coast and open sea in the vertical distribution of VLP. The coastal station (Stn C) was different from the rest, because it did not show variability in VLP abundance through the water column. The slight variability in VLP abundance with depth in coastal samples was close to the average coefficient of variation (CV) of viral counting by YOPRO in this environment (average CV = 25%). Thus, we were not able to detect any statistically significant relationship between VLP and other components of the food web in coastal samples. This is reasonable because bacteria and chl a also showed very small changes with depth. This could be the reason why the correlation between VLP abundance and chl a and between VLP and bacterial abundance were only significant at the offshore stations. The fact that both relationships explained a low percentage of VLP variability at open-sea stations could indicate that part of the viral assemblage could be bacteriophages and the rest phytoplankton viruses. Although bacteria and VLP were only correlated in the offshore samples, the integrated values of both parameters showed the same pattern along the transect. This indicates that VLP abundance is coupled to the other components of the microbial food web. Log VLP m~" (TEM) Fig. 6 . Relationship between viral particles (log VLP ml-l) counted by transmission electron microscopy (TEM) and by epffluorescence rnicroscopy in YOPRO stained samples. Solid line indicates a 1:l relationship
No clear diel pattern was found at any of the stations. The slight differences found in VLP concentration between night and day at the coastal station are Mficult to interpret because they only occurred once. At Stn S both diel cycles followed different patterns. However both cycles presented a minimum in VLP abundance close to the surface during the day, perhaps reflecting decay due to sunlight irradiation. At Stn D no diel cycles were found. Gasol et al. (1998) , in their study of diel variability on bacterial activity during the same cruise, concluded that diel cycles in bacterial heterotrophic production were present at the offshore station while no diel pattern was found at the coastal station. Despite changes in activity, bacterial abundance did not show diel variations (Gasol et al. 1998) . We only had 2 profiles, 12 h apart, per diel cycle. More profiles could have potentially shown a more significant pattern of variation. However, we think it unlikely, since bacterial abundance was measured 6 times during each cycle and no significant differences could be found (Gasol et al. 1998) . Likewise, studies in other coastal areas (Jiang & Paul 1994 , Weinbauer et al. 1995 have not found diel variations in VLP. The latter studies corresponded to eutrophic environments where the concentration of bacteria and VLP were about an order of magnitude higher than those found in the Mediterranean.
In order to measure the impact of viruses on the bacterial assemblage in the Mediterranean, we tried 2 different methods: the counting of visibly infected bacteria and the measurement of viral decay rates in KCN amended cultures (see 'Materials and methods'). Previously, we had used both methods in some environments (Guixa-Boixereu et al. 1996 . In the present study, we found no infected cells after counting 300 cells per sample in more than 10 samples. This meant that the percentage of visibly infected bacteria was lower than 0.3%. The whole cell method (Weinbauer et al. 1993) for detecting infected cells has the advantage that the whole cell is examined, while in thin sections (Proctor et al. 1993 ) infected cells may appear as noninfected just because the particular section examined happened not to cut through any viral particle. On the other hand, the whole cell method has some problems. First, cells sometimes appear opaque to the electrons and this may cause some infected cells to be scored as noninfected, just because the viral particles are masked by the dark cell. The second problem is that cells can disrupt at very high centrifugation speeds (Weinbauer & Hofle 1998a,b) . The only direct comparison between the 2 methods is that carried out by Fuhrman & Noble (1995) , who compared the 2 options in 1 of their 2 mesocosms. They found 3.3 to 4.6% of visibly infected cells in thin sections and 0.7 to 1.5 % in whole bacteria. Thus, the thin section method gave percentages which were between 3 and 5 times larger in these 2 cases. If the error were the same in the Mediterranean, we would have at most 0.3% times 5 = 1.5 % infected cells. Proctor et al. (1993) provided a range of factors (7.4 to 14.3) to convert percent of infected cells to bacterial mortality. Using these factors Hara et al. (1991) "Values corresponded to the mean from ddferent vertical profiles b~a l u e s corresponded to the mean from surface waters CUltrafiltration dUltracentrifugation with our maximal infection values, viruses would be responsible for less than 11.1 to 21.5 % of the whole bacterial mortality.
We also tried to measure VLP decay rates in bottle incubations using cyanide as an inhibitor of biological activity, according to Heldal & Bratbak (1991) . This method was used by Heldal & Bratbak (1991) in Raunefjorden and in Lake Kalandsvannet, and by Mathias et al. (1995) in a backwater system of the River Danube. Heldal & Bratbak (1991) could not estimate the percentage of the total bacterial n~ortality caused by viral infection with the cyanide method because they did not measure bacterial heterotrophic production. The lowest decay rate measured by Mathias et al. (1995) was 0.06 h-', implying that viruses could account for 15 % of total bacterial mortality. In our experiments no significant decreases could be detected in a total of 6 viral decay experiments performed at Stns C, S and D (2 at each station, Fig. l) , using the cyanide method. If the maximal possible impact of viruses estimated from the visibly infected bacteria method were true (21.5 %), viral decay rates would be, in all the samples, always lower than 0.02 h-'. The fact that our estimated viral decay rates were not significantly different from 0 (p > 0.05) means that viral decay rates were still lower than these values. Thus, the impact of viruses should be certainly lower than 21.5 % of the total bacterial mortality in the Mediterranean Sea.
There is a third method for estimating viral impact on the bacterial assemblage (Steward et al. 1992a,b) . This method consists of measuring the incorporation of tritiated thymidine into viral DNA. With this method a viral production lower than 10' VLP 1-' d-' would not be detected. At the offshore stations where Steward et al. (1992b) applied this method, only 2 out of 8 samples showed detectable values of viral production. With the maximal impact of viral mortality over the bacterial population possible in the Mediterranean (21.5%), viral production would be 8 X 107 VLP 1-' d-' as a maximum. This value is not detectable by the method of Steward et al. (199213) .
In summary, bacterial mortality due to viral infection was found to be below the detection limits of current methods in the northwestern Mediterranean. Thus, viral impact in the Mediterranean has to be necessarily small, certainly much smaller than 20% of the total Aquat Microb Ec bacterial mortality. This is probably t h e c a s e in most open sea waters, a l t h o u g h d e v e l o p m e n t of finer techn i q u e s is n e e d e d before this point c a n b e definitively proven.
